Several Ceratozamia populations from the "Carso Huasteco" region in Mexico have a controversial circumscription and have been historically identified as Ceratozamia fuscoviridis. In this paper, we present a review of the taxonomic history of this species and provide taxa circumscriptions based on analyses of herbarium specimens from this region and supplemented with fieldwork. For this, we have studied qualitative and quantitative morphological variation at population level. We recognize two species in this group: C. fuscoviridis and a new species, C. chamberlainii. Here, we provide two lines of qualitative and quantitative morphological evidence showing that plants of C. chamberlainii from southern San Luis Potosí to northern Hidalgo are distinct from C. fuscoviridis of central Hidalgo east of Veracruz. These species can be identified by leaflet form, leaf emergence color, color of the ovulate strobilus, and form of the megasporophyll, along with a combination of quantitative morphological characters.
Introduction
Ceratozamia Brongniart (1846: 7−8) is definitely the most species-rich genus of cycads in Mexico and is composed of 28 currently recognized species. This is a genus that predominantly occurs in cloud forest at elevations up to 1, 800 m (Vovides et al. 2004a) , with the largest proportion of species diversity and endemism concentrated along the Sierra Madre Oriental (Nicolalde-Morejón et al. 2014) . The most recent exhaustive taxonomic treatment of Ceratozamia was published by Schuster (1932) and later works by Vovides et al. (1983) , and . The latter two dealt with typification of names, underlining nomenclatural and taxonomic anomalies, as well as noting the insufficient fieldwork, the remarkable morphology and a taxonomy that fails to provide adequate data for the identification of the species. Hence, there are still many discrepancies regarding the circumscription and diagnostic aspects of the species.
Partial taxonomic works recently have resolved the identity of the names published by Miquel (1847 Miquel ( , 1848 and his contemporaries (cf. Vovides et al. 2012 , Vovides et al. 2016 . These works have contributed greatly to a better understanding of the species, their circumscriptions, and their distribution in order to understand the relationships between Ceratozamia species. Osborne et al. (2006) validated a binomial that had been provisionally described and named "Ceratozamia fusca-viridis" by D. Moore in 1878. The first taxonomic treatment with this name was published by Thiselton-Dyer (1884) in which he synonymized this species with C. mexicana var. longifolia. This author, as well as Moore, emphasized the dark-brown abaxial surface of the leaflets as key character to distinguish the taxon.
Fifty years later, the taxonomic treatment by Schuster (1932) placed C. fusca-viridis as a form within C. mexicana var. longifolia f. fuscoviridis. This author defined a suite of characters that include narrower leaflets (17 mm), which are olive-green adaxially, and dark-brown with dark veins abaxially. It is interesting to note that his work mentioned living material at Royal Botanic Gardens, Glasnevin, Ireland, the original source of material used by Moore (1878) . The ambiguity in these treatments was due in large part to a paucity of specimens, no known types, and a lack of knowledge of the living plants in Glasnevin; a situation that was not remediated until Osborne et al. (2006) . In this latter work, the taxonomic status of this taxon was re-assessed based on living collections in the National Botanic Gardens, Glasnevin and a voucher found at Royal Botanic Gardens (K). In this context, the authors legitimized the name according to the International Code for Botanical Nomenclature (McNeil et al. 2012) as C. fuscoviridis. Populations from the municipality Molango (Hidalgo) were selected as congruent with the type at K and the living specimens at Glasnevin and Florence collected in Mexico (locality unknown), and thus, included within the taxonomic concept of C. fuscoviridis. However, a circumscription of other populations with similar morphological characteristics from Hidalgo, many with range extensions into Querétaro to the west, San Luis Potosí to the north, and Veracruz to the east, was not performed.
Molango is part of the subprovince "Carso Huasteco" that belongs to the Sierra Madre Oriental (CervantesZamora et al. 1990 , Ruíz-Jiménez et al. 2004 . Particularly, information associated with certain botanical collections of Ceratozamia from Hidalgo, Querétaro and San Luis Potosí has led to ambiguous taxonomic identifications. Using a combination of qualitative and quantitative morphological information for the group, botanical explorations were carried out in these states with the aim of evaluating this somewhat enigmatic morphological pattern.
Materials and Methods
Our circumscription is based on analysis of herbarium specimens from throughout the biogeographic province of the Sierra Madre Oriental. We reviewed the available specimens from the following herbaria: CIB, CHAPA, HEM, IEB, K, MEXU, MO, NY, SERO and XAL (Appendix 1). Additionally, we conducted fieldwork in seven populations covering the entire distribution range of subprovince Carso Huasteco to evaluate populations previously identified as C. fuscoviridis due to the high morphological variation observed. Specimens were collected at the following locations:
(1) Zilacatipán, Huayacocotla, Veracruz; (2) Molango de Escamilla, Hidalgo; (3) Tlanchinol, Hidalgo; (4) Puerto El Zopilote, Chapulhuacán, Hidalgo; (5) Agua Zarca, Landa de Matamoros, Querétaro; (6) El Camarón, Landa de Matamoros, Querétaro; and (7) La Ceiba, Xilitla, San Luis Potosí. Material collected ex profeso for the present study was processed and deposited in the CIB herbarium.
Geographic coordinates were registered using ArcMap Geographic Information System 10.2 to elucidate distribution maps of the corresponding species. In all applicable cases, specimen data were duly curated and each geographic coordinate was checked. Environmental information layers corresponding to the climate classification of Köppen (García 2004 , CONABIO 1998 and vegetation types sensu Rzedowski (1978) were used.
We evaluated 20 adult specimens in each population, from which a set of quantitative and qualitative morphological characters were recorded. . For character selection, we utilized criteria reflected in previous taxonomic work , Vovides et al. 2004b , Martínez-Domínguez et al. 2016 .
Monitoring of reproductive structures, both pollen strobili and ovulate strobili, was also performed to evaluate the morphological characters in the same semaphores. A total of 15 pollen strobili and 12 ovulate strobili for populations at the north end of Carso Huasteco, and 22 pollen strobili and 10 ovulate strobili for populations identified as C.
fuscoviridis by affinity with type locality, were coded. The basic statistics − mean and standard error − were calculated for reproductive partition of quantitative characters.
Two multivariate statistical analyses were also performed upon 17 vegetative characters at the population level. Pearson's correlation coefficient was calculated to determine if linear combinations between variables could affect multicollinearity assumption (Graham 2003 , Tormod & Bjorn-Helge 2001 . A principal components analysis (PCA) was then performed on variance and covariance matrices to establish data structures which could correspond to species groups. PCA allowed dimensionality reduction and the establishment of orthogonal variables required for the application of discriminant lineal models (DLM). Quantitative characters showing statistically significant differences were visually inspected using Box-Plot for the evaluation of intra-and interspecific variation for all variables. With the morphological patterns of variation obtained with vegetative characters, we performed statistical analyses for reproductive characters at level species (i.e. groups or classes in multivariate statistical analyses). Analyses were carried out with the R software environment v3.2.0 (The R Foundation for Statistical Computing: available from https://www.r-project.org/), employing library "MASS".
Results
Morphometric analysis indicated that a multivariate morphological differentiation exists between Ceratozamia populations in the south-central limits of the Huasteca Alta Hidalguense and populations in the north of this area. PCA components 1 to 5 (Appendix 2) explain 78% of the total variation and the highest incidence variables are PL, NVML, WML, DbML, WAL, and DbAL. In this context, the discriminant analysis provides evidence for grouping the populations into two groups that correspond to qualitative morphological patterns, i.e. two species (Fig. 1.1) . The model indicates that the morphometric differences in the two species are larger between populations than between individuals of the same population. Consequently, a separation was observed between the two species ( Fig. 1.1) .
Three quantitative vegetative characters showed statistically significant differences among taxa: WML, NVML and DbML (Figs. 1.2-1.4). Another important character in classification is the number of leaflets pairs in which there is overlap in the minimum ranges, although it is clear that Ceratozamia fuscoviridis tends to have more pairs of leaflets based on statistically significant differences ( Fig. 1.5 ). Consistently with these findings, WAL and DbAL characters presented differences (Figs. 1.6, 1.7) . In the rest of the characters, individuals of both species show greater morphometric affinity. The quantitative reproductive characters documented extensive overlap of all characters analyzed (Table 1) . Out of discrete morphological characters evaluated, 13 turned to be informative ( Table 2 ). The new species differs by color of the emergent leaves, prickle form, leaflet texture, and form of the leaflet apex. In terms of reproductive structures, these characters include strobilar color at all stages of development, megasporophyll shape, and sarcotesta color (Fig. 2) .
In particular, the color of the ovulate strobili distinguishes the new species not only from the aforementioned morphologically similar species, but also from all other Ceratozamia species, as does the combination of the leaves color at emergence and the form and consistency of the leaflets (Figs. 2, 3) . In this context, the patterns of morphological variation found in the present study show that populations from the Sierra de Huayacocotla mountain range correspond to Ceratozamia fuscoviridis. This species occurs in the southcentral Carso Huasteco at an elevation ranging between 1, 800-1, 900 m (Fig. 4) . More precisely, C. fuscoviridis is distributed from the central Hidalgo mountain range to southeastern Hidalgo in Tenango de Doria (bordering the state of Puebla), including the western portion of Veracruz. In contrast, the new species is distributed at the north end of the Carso Huasteco from the mountain range between south of San Luis Potosí, southeast of Querétaro and north of Hidalgo at an elevational range of 800-1, 200 m.
In relation to classifications of biogeographical provinces, both species are located in the subprovince of cloud forest known as "Huasteca Alta Hidalguense" (CONABIO 2008) . The two species occur on limestone plateaus with karst topography. In terms of climate, the northern region is warm semi-humid and the southern region is humid (Hernández-Cerda & Carrasco-Anaya 2004). Environmentally, Ceratozamia sp. nov., grows principally in pine-oak and C. fuscoviridis in cloud forest. (CIB), F. Nicolalde-Morejón et al. 2407 -2420 Xilitla, 13.5 Km W, 12 January 2001 , T. W. Walters, 2001 .
Stem epigeous, 20-60 cm tall, 15-30 cm in diameter. Cataphylls persistent, densely tomentose at emergence, reddish-brown and glabrous at maturity; triangular, apex acuminate, 2.5-5.5 × 1.5-3.5 cm wide at base. Stipules tomentose, reddish-brown, 2.0-3 × 0.5-1 cm. Leaves 5-40, descending, 100-207 cm, reddish-brown at emergence, glabrous. Petiole terete, 30-69 cm, armed with short and robust prickles, blackish-brown in adult leaves. Rachis terete, 65-144 cm, armed with prickles, reddish-brown in adult leaves. Leaflets 20-42, oblong, mostly planar and abaxially curved, not basally falcate, coriaceous, opposite to subopposite, dark-green, adaxial and abaxial sides glabrous, acuminate and asymmetric apex, attenuate at base, with conspicuous and reddish-brown veins; median leaflets 20-37 × 2.3-4 cm wide, 1.6-3.5 cm between leaflets; articulations generally reddish-brown, 0.5-1.3 cm wide. Pollen strobilus 1-2, cylindrical, erect, 26-31 cm, 4.8-6 cm in diameter, greenish brown at emergence, greenish yellow with brown pubescence at maturity; peduncle tomentose, reddish-brown, 6-10.3 cm, 1.6-2 cm in diameter; microsporophylls 1.6-2.3 × 1.1-1.5 cm wide. Ovulate strobilus solitary, cylindrical, erect, 28-30 cm, 9-10.5 cm in diameter, greyish green with reddish-brown pubescence at emergence, light grayish brown with reddish-brown trichomes at maturity, acuminate apex; peduncle tomentose, brown to reddish-brown, 4.5-11 cm, 1.3-2.5 cm in diameter; megasporophylls 72-190, 1.5-2.5 × 2.3-3.0 cm wide, distal face prominent. Seeds ovate, sarcotesta whitish pink to pink when immature, light brown at maturity, 3.0-4.0 cm, 0.6-1.2 cm in diameter.
Etymology:-The specific epithet has been chosen to honor Charles Joseph Chamberlain, in recognition of his outstanding contributions to the knowledge of the biology of the cycads and his fieldwork on Mexican cycads.
Distribution and habitat:-Biogeographically, this species is distributed from the northern montane region of Carso Huasteco, in San Luis Potosí, Querétaro and Hidalgo (Fig. 4) . It occurs in pine-oak forest (Rzedowski 1978 , Luna-Vega & Alcántara-Ayala 2004 , on rocky outcrops of exposed walls, within the elevational range of 900-1, 200 m. Moore (1878) pointed out that "fusca-viridis" refers to the reddish-brown color of the leaves. However, "fusca" is dark brown and "viridis" is light green. According to the description of Ceratozamia fuscoviridis given by Osborne et al. (2006) , leaflets are fuscous on the under side, dull green on the upper side and female cones covered with short brown fuscous hairs (p. 10). The term "fusco" refers to the dark brown color, which corresponds to the material coming from the locality designated as the type for Ceratozamia fuscoviridis.
In contrast, in the locality given by Osborne et al. (2006) of Ceratozamia fuscoviridis, we found a polymorphism in the leaf color at emergence. A polymorphism is the occurrence together in the same habitat of two or more distinct forms of a species (Ford 1945, p. 73) . In this species, there are individuals with light green leaves at emergence and others with dark brown leaves (Fig. 6) . Out of 20 individuals evaluated at the population level in Molango, nine turned out to have dark brown leaves and eleven light green leaves.
In plants with dark brown leaves at emergence, our field data show that adult leaves are green on the adaxial side and dark brown on the abaxial side in Ceratozamia fuscoviridis conforming to the descriptions by Schuster (1932) and Osborne et al. (2006) . This morphological pattern is also found in the Sierra de Huayacocotla mountain range populations. This condition makes it difficult to identify this species using the color of the new leaves. However, in C. chamberlainii this character state is fixed.
Ceratozamia chamberlainii is distinguished by its reddish-brown leaves at emergence without any polymorphism in any of the populations evaluated and this color does not disappear in adult leaves; i.e., the abaxial side of the leaflets is reddish-brown in mature leaves, including the base and margin of the leaflets and the petioles. This is the first report of leaf color polymorphism in the genus (cf. Calonje et al. 2014) . In addition, some species of Ceratozamia present qualitative polymorphic characters such as the leaflet shape. Therefore, we recommend evaluating more than one individual to identify the species.
Additionally, we found that Ceratozamia fuscoviridis has green ovulate strobili with dark-brown trichomes, whereas in C. chamberlainii these characters are light grayish brown with reddish-brown trichomes (Fig. 3) . These reproductive characters of both C. fuscoviridis and the new species are present at all developmental stages. The new species can be easily distinguished by leaflets that are more than 2.3 cm, whereas in C. fuscoviridis narrow-leaflet forms exist, consistent with Schuster's statement of his specimen being "foliola 17 mm lata…nervis 18-20" (Schuster 1932, p. 10) .
The recent proposal of range extension of Ceratozamia fuscoviridis (Pulido et al. 2015 ) is partially congruent with our results. One difficulty with this conservation proposal is that the patterns of morphological variation found in our study correspond to an overlap in the spatial distribution of populations from Hidalgo. However, our circumscription shows that the geographic range of C. fuscoviridis extends into Veracruz state and the new species is distributed from southern San Luis Potosí, to southeast Querétaro and northern Hidalgo.
From a biogeographic perspective, Ceratozamia diversity in the Sierra Madre Oriental region could be due to orographic and climatic characteristics together with ecological and historical complexity of the western Sierra Madre Oriental (González-Medrano 1996 , Graham 1999 . Some authors, such as Hernández-Cerda & Carrasco-Anaya (2004) , and Luna-Vega & Alcántara-Ayala (2004) recognized high diversity and endemism in several taxonomic groups from this region.
Taxonomically, Ceratozamia species are notoriously difficult to identify because of the high morphological species variability, coupled with their very similar morphology , Martínez-Domínguez et al. 2016 . Hence, field studies of all species of the genus in local populations are useful in furthering the understanding of this variation. Recent research has suggested the importance of reproductive characters (Martínez-Domínguez et al. 2016) . Considering descriptions of this characters based only on herbarium specimens may, therefore, be incomplete, ambiguous, and/or distorted, particularly for large strobili. Hence, field investigations on living plants are essential for accurately describing reproductive characters. As a consequence, the morphological and historical affinity between these two species is identified within the vegetative variation of C. fuscoviridis because of the lack of information regarding morphological variation (qualitative and quantitative) at population level and the development and maturation of the reproductive structures, particularly the ovulate strobilus (seed cone) where the main diagnostic characters occur.
Finally, botanical collections of Ceratozamia coming from "Carso Huasteco" have led to ambiguous taxonomic identifications. The taxonomic work presented here contributes to the understanding of the patterns of morphological variation in the region, clarifies the identity of C. fuscoviridis via the recognition of C. chamberlainii, thereby removing the ambiguities. This information will contribute significantly to the process of providing information to plan and create conservation strategies in a group listed endangered. 
